Abstract. Metal Matrix Composites are developed in recent years as an alternative over conventional engineering materials due to their improved properties. Among all, Aluminium Matrix Composites (AMCs) are increasing their demand due to low density, high strength-to-weight ratio, high toughness, corrosion resistance, higher stiffness, improved wear resistance, increased creep resistance, low co-efficient of thermal expansion, improved high temperature properties. Major applications of these materials have been in aerospace, automobile, military. There are different processing techniques for the fabrication of AMCs. Powder metallurgy is a one of the most promising and versatile routes for fabrication of particle reinforced AMCs as compared to other manufacturing methods. This method ensures the good wettability between matrix and reinforcement, homogeneous microstructure of the fabricated MMC, and prevents the formation of any undesirable phases. This article addresses mainly on the effect of process parameters like sintering time, temperature and particle size on the microstructure of aluminum metal matrix composites.
Introduction
Metal matrix composites are gaining their applications in the last two decades due to their improved physical and mechanical properties and developed an alternative to procure materials with high stiffness. Among which aluminum matrix composites are gaining their advantage due to low density, high toughness and corrosive resistance [1] . This causes them to be preferred engineering materials for aerospace, military, automobiles and mineral processing industries. Silicon Carbide (SiC) and Alumina Oxide (Al 2 O 3 ) are commonly used reinforcement materials for automobile applications, such as diesel engine pistons, piston rings, connecting rods, drive shafts, brake disc, cylinder liners etc. [2] . SiC is widely used due to physical and chemical compatibility with Alumina (Al) matrix in wide range of available grades. Apart from this, SiC contributes an increase in young's modulus and tensile strength of the composite, and also SiC addition promotes an increase in wear resistance of the composites [3] . After SiC, Al 2 O 3 is widely used reinforcement, which promotes better corrosion and high temperature resistant behavior. The uniform distribution of particles into the matrix without agglomeration, with minimum interfacial reactions is the challenging task in fabrication of particulate reinforced metal matrix composites [4] . Aluminum Metal Matrix Composites (AMMCs) are fabricated by liquid state fabrication methods (Stir casting, compo-casting, squeeze casting, spray casting and in-situ (reactive) processing, solid state fabrication methods (Powder Metallurgy, friction stir processing, diffusion bonding and vapour deposition technique) and deposition processes. This classification is based on the temperature of the matrix during the fabrication [5] . The difficulties associated with liquid state processing techniques are difficulties in mixing of two phases, proper wettability at the matrix and reinforcement interface, harmful interfacial reactions due to high processing temperatures [6] . The main pitfall in deposition technique is a time-consuming process, only be used with discontinuous reinforcement. The limitations in casting process is agglomeration of reinforcement and unwanted interfacial reactions, this is mainly due to higher processing temperatures [7] [8] [9] . The problems associated with above mentioned processes have been successfully overcome by powder metallurgy during the last decade. The advantages of powder metallurgy over other process like the problem of interfacial reactions, this can be achieved due to very low processing temperatures of the process. This paper reviews the effect of the different process parameters of powder metallurgy while developing the aluminum matrix composites. How the different process parameters like ball milling speed and time, compaction pressure, sintering time and temperature, size and percentage of reinforcement influences the microstructure of the composite.
Fabrication of AMMCs through various techniques
Fabrication of metal matrix composites with uniformity in distribution of reinforcement into matrix is a challenging work. The commonly used fabrication methods are: -solid state processing; -liquid state processing.
The properties of ceramic reinforced composites are mainly depends on the properties of the matrix material, mutual wettability at the interface, size and volume percentage of the reinforcement particle [10] . The important parameters need to be considered in fabrication of MMCs are; matrix temperature during processing, extent and reinforcement loading and desired degree of micro structural integrity, because most of the mechanical properties of the composites are depends on the composition, matrix and reinforcement particle size and shape, volume fraction, reinforcement distribution and processing method which is used for fabrication, homogeneity between matrix and reinforcement [11] . Some of the factors are controllable like composition of the matrix, size and shape of the reinforcement, other factors like homogeneity of reinforcement distribution, are depends on the fabrication technique [12] . Figure 1 shows the different fabrication techniques used for metal matrix composites in the last ten years. It is observed that powder metallurgy is the most versatile method among other techniques.
The important features of different methods, for the fabrication of MMCs have been discussed in Table 1 . The main drawbacks with liquid phase techniques are the agglomeration and dendritic segregation; it formed due to non-uniform distribution of ceramic particles in metallic matrix, while high temperature of the melt causes undesirable chemical reaction at the interface. Table 2 discusses different routes for processing of MMCs, cost involved and their applications. It reveals that powder metallurgy is the most suitable method for fabrication of MMC, as no interfacial reactions is formed in between matrix and reinforcement.
Powder metallurgy
Powder metallurgy is a metal processing technology in which parts are produced from metallic powders by following the sequence of operations, the powders are compressed into desired shape and then heating to temperature below the melting point to cause solid state bonding of the particles into a hard-rigid mass called sintering. The main advantage of powder metallurgy is that the matrix and reinforcement are mixed in the solid state which overcomes the problem of non-wetting between the reinforcements and liquid metal and preventing the formation of any undesirable phases. Table 3 reveals that, in the powder metallurgy process, it is possible to achieve uniform distribution of reinforcement in to the matrix and better control of micro structure, unlike in other fabrication processes of MMCs, where agglomeration of particles is the main problem in the fabrication of particulate reinforced metal matrix composites.
From the Table 3 , it clearly reveals that powder metallurgy method gives the excellent uniformity in microstructure of the composite when compared with other manufacturing techniques like Co-Spray, Rheocasting and liquid infiltration methods. Compared to other manufacturing techniques like ingot pressing and diffusion welding, powder metallurgy offer some advantages due to low manufacturing temperatures that diminishes the interfacial reactions between the matrix and reinforcement [9, 14] . This can be achieved due to solid state diffusion of inter particle bonding, whereas the diffusion bonding plays a major role in controlling the microstructure and mechanical properties of the compact [15] [16] [17] .
The Reinforcement particle size and shape plays a major role in the fabrication. In powder metallurgy most widely reinforcement particles used are in the form of particles and whiskers [9] . The commonly used matrix materials for aluminum based composite materials are listed below in Table 4. 4 Effect of the processes and parameters
Powder blending
Blending of ceramic particles with matrix is a key step of powder metallurgy, as it facilitates the uniformity in the shapes of powder particles, controls the final distribution of the reinforcement particles and porosity in green compacts after compaction [8] . Proper blending of matrix and ceramic powders reduces the agglomeration of the powder particles. Over mixing leads to reduction in flow characteristic of the mix, leading to poor homogeneity in particle distribution. Table 5 represents the blending time and speed for different AlMMCs while performing blending operation. Before blending (or) mixing, the parameters mainly need to consider are reinforcement shape and size, volume percentage, blending time and speed. Slipenyuk et al. [12] , reported that matrix to particle size ratio (PSR) should be near to 1 which leads to finer micro structure and better mechanical properties. They have also reported that if the PSR is larger than this value, which results in formation of agglomeration due to reduction in the surface area of the matrix, which is insufficient for a uniform arrangement of reinforcement particles [12] . Segregation of the particles is the major problem that occurs in blending process, it depends on the flow characteristics between metal powders and reinforcement particles, and tendency of the clustering of particles to minimize their surface energy [25] . The flow characteristics of the particles can be improved by adding lubricants like zinc stearate (or) stearic acid in 0.25 to 5 wt%. Particles are taken in different forms like spherical, rounded, irregular, porous and angular. The shape of the particles depends on the powder production method. Figure 2 shows the Monte Carlo simulations of shaking species, which indicated the segregation behavior of the particles. As shown in Figure 2 the larger particles raised to the top of the container and helps in filling the voids at the bottom of the larger particles and which is majorly depends on the number of cycles applied on the container [24, 25] . The densities of matrix and reinforcement powder particles also plays a major role 7 (2018) in blending, such as lighter particles remains at the top whereas the heavier particles try to segregate at the bottom [7, 26] . The blending time plays a major role. Razavi et al. [28] states that by adding hard ceramic reinforcement like Al 2 O 3 in to soft metallic matrix like Al, the fracture occurs earlier and thus the steady state condition is achieved in shorter ball milling time. Ball milling is the versatile method used for blending of metal powders. For Al/CNT a new ball milling technique is used called as Shift Speed Ball Milling, which is a combination of powder mixing at two different speeds, the milling process with lower speeds are called Low Speed Ball Milling, whereas milling process with high speed is called High Speed Ball Milling [29] . For Al/ CNT composites, shift speed ball milling technique was used for uniform dispersion of CNT in Al matrix. Run et al. [29] , observed that at longer starting low speed ball milling (LSBM) and a shorter following high speed ball milling (HSBM) achieve amalgamate CNT dispersion and interfacial bonding achieved. In the process of blending or mixing of particles with the ball milling process, alumina powder particle deformation occurs in three stages. Firstly, flattened into flakes, secondly cold welded into tiny particle and lastly fragmented into smaller particles. In the process of blending for CNTs were also dispersed on the surface of alumina flakes in the first step, in second step CNTs are occluded by alumina and finally CNTs are trapped into the cold welded particles [30] [31] [32] .
Powder compaction
The principle objective of compaction process is to apply pressurize and bond the particles to form a cohesion among the powder particles. This is usually called green compact. For a good compaction, irregular shaped particles are preferred as they give better interlocking and hence high green strength. The indispensable amount of pressure depends upon the initial shape of the matrix and reinforcement, the matrix and reinforcement material, the method of blending and application of lubricants, additives and desired density of green compact. Compacting aluminum based composites requires less force (about 200 MPa), because high compressibility of aluminum powders. Table 6 represents amount of compaction [7, 26] for achieving good quality of green compact with desired green strength and density. The Table 6 shows the compaction pressure for different MMCs.
Sintering temperature
The main mechanism involved in sintering is the green compact is heated just above the melting temperature of the matrix, the matrix powder melts and reacts with other elements i.e reinforcement in the powder mixture to form a NiFe-CNT and Ni3Fe-CNT 300 [45] V.V. Vani and S.K. Chak: Manufacturing Rev. 5, 7 (2018) liquid between the particles that engulfs the more refractory phase [46] . The Table 7 , shown below gives how much sintering time and temperature has been considered by the researchers for sintering process for fabrication of AlMMCs.
The two main stumbling blocks may arise in fabrication of MMCs. One is due to numerous reinforcement phase (SiC) are thermodynamically unreliable in matrix (e.g Al) [47, 48] , which leads to interfacial reactions (Tab. 8). The second difficulty is due to difference in thermal expansion coefficients between the ceramic reinforcement and metallic matrix. For instance, coefficient of thermal expansion for Al is 24 Â 10 À6 K À1 whilst it is only 3.8 Â 10 À6 K À1 for SiC. This causes the thermal mismatch strain over the reinforcement and matrix interface while cooling in processing of MMC. The associated strain is then sufficient to generate local plastic yield in the Al matrix [49] . If the MMC is then subjected to thermal cycling, microstructural/sub structural damage can accumulate leading instability or under low loads to accelerated creep which amounts to superplastic behavior [50] .
The main controlling factor in sintering is sintering temperature [51] The selection of sintering temperature plays a major role. The Figure 3 shows the morphology of Al/SiC-Cu MMC at different temperatures. At temperature 650°C in Figure 3a , distinct SiC grains primarily discover at the grain boundary, under the microscope it reveals that a transient layer is separating SiC and Al matrix. Al melts above 660°C and flow to cover the Sic-Cu ceramic reinforcement. At 700°C in Figure 3b very thin grain boundary is developed between the two adjacent Al grains and SiC is distributed homogeneously in the developed boundary or grown Al grains. As the temperature is increased to 750°C, the wider grain boundary is developed as compared in Figure 3c , so that SiC particles present both at the grain boundary and in the inner of Al grains. At temperatures 800°C in Figure 3d , at high temperatures the reduction in surface tension of molten Al is observed and viscous flow is increased. Some SiC grains form an intra-granular grains in the Al matrix, rest SiC grains separate from the melting Al or Cu due to poor wettability between each other, leads to heterogeneous microstructure shown in Figure 3d [39] . Baghchesara et al. [52] studied micro structure and mechanical properties of nano MgO reinforced Al matrix MMCs, and they states that at higher sintering temperatures leads to increasing wettability of matrix and reinforcement by improving the interfacial bonding between the nano MgO particles and Al matrix.
The sintering temperature plays a major role in the structure of the composites, at higher sintering temperatures a close compact structure is obtained due higher diffusion rates [14, 53] .
This can be clearly understood by equation (1)
where D is diffusion coefficient, D 0 is constant, Q is activation energy, R is Boltzmann's constant and T is temperature.
The main stumbling block in solid state sintering is the ceramic reinforcement phase reduces the compressibility of aluminum alloy powders [54] and affects the sintering stress at Al-Al contacts, causes poor bonding between matrix and reinforcement phase [55, 56] . Super solidus Liquid Sintering (SLPS) differs from liquid phase sintering is, in which, pre-alloyed powders are heated between the solidus and liquidus temperatures of the alloy [57] . In case of MMC reinforced with Carbon Nano Tubes, Spark Plasma Sintering (SPS) technique was used to facilitate more effective interfacial bonding with less reactions [37] .The V.V. Vani and S.K. Chak: Manufacturing Rev. 5, 7 (2018) conventional sintering technique is accompanied with limitations, e.g. long sintering time may lead to a grain growth, which may be overcome with spark plasma sintering. This novel technique prepares composites with high densities with relatively low sintering times [58] [59] [60] . Ridvan et al. [61] stated that in spark plasma sintering of Al-nano SiC composite, the sintering temperature plays vital role in densification of composites. They concluded that the spark is generated at the interface of matrix and reinforcement, originating temperature rise at the contact point and eutectic melting occurring along the particle boundaries resulting in higher relative density. Another sintering technique is called field assisted sintering (also called spark plasma sintering) in which low voltage (typically 10 V) and high current density (typically 1-10 kA) were used. Pressure assisted process with short sintering cycles leads to increase in productivity [62] . In Liquid phase sintering, matrix liquid phase coexists with a particulate solid reinforcement at the sintering temperature which helps to improve inter particle bonding between the matrix and the reinforcement. A proper inter particle bonding in composite is necessary for better mechanical properties like strength, magnetic and corrosive properties.
Compared to other sintering processes, liquid sintering process is a fast sintering process providing the fast atomic diffusion. The capillary attraction is phenomena, due to wetting liquid, leading to rapid compact densification without need of application of external pressure. The liquid phase also helps in reducing inter particle friction, by aiding rapid rearrangement of solid particles. Also liquid phase sintering enables efficient packing by liquid dissolution of sharp particle edges and corners. During liquid phase sintering grain size control is also possible, thus, helping manipulation of the microstructure in order to optimize the properties [63, 64] .
Sintering time
The diffusion in conventional sintering process depends on the sintering time. This can be clearly explained by equation (2) [65] .
where r is the radial distance, D is the diffusion coefficient and t is the diffusion time. Figure 3 depicts that the radial distance is directly proportional to square root of the sintering time which is responsible for the atomic diffusion leading to finer grain structure. Figure 4 depicts that elongation percentage increases at higher sintering time. The effect of higher sintering time on grain growth along with elongation is shown in Figure 5 [66].
The effect of particle size on microstructure
The size and volume percentage, distribution of reinforcement in the metallic matrix, plays a vital role in the microstructure and properties of the metal matrix composites. The variation in grain structure is discussed in Table 9 . As the volume percentage of the alumina particle increases, finer structure is produced. This is due to the alumina particles act as a barriers to the movement of grain boundaries and hence delay for the grain growth [36] . Padmavathi et al. [22] states that up to 10 vol% of SiC reinforcement in 6711 Al alloy results uniform distribution of of SiC particles throughout the matrix, as the SiC percentage increases beyond 10 vol% resulted cluster formation. Upto optimum percentage of reinforcement into metallic matrix gives homogeneous microstructure. This is explained with the following equation (3) l
where f is the volume fraction of the reinforcement, and its radius r, l is the inter particle distance [67] . The strength of the composites increases with increase in volume fraction of reinforcement and decreasing as increase in particle size of the reinforcement [68] . This means that the mechanical properties of the composites like hardness, yield strength, compressive strength and elongation to fracture were higher when the particle size is fine as compared to coarse particle size of the reinforcement. The particle size of the reinforcement and matrix plays an important role, because it is difficult to force hard ceramic particles into a soft metallic matrix. Therefore, the uniformity of dispersion depends upon the particle size of the matrix and reinforcement, the particle size ratio (PSR) closer to one yields a more homogeneous microstructure [69] . Particle to matrix size ratio increases, leads to increase in the cluster formation. Researchers are using nano size reinforcements, Figure 6a and b clearly shows that they have good homogeneity in the structure, where as in Figure 6c and d formation of clusters is more due to high PSR [12] . At larger particle size ratio, low combined surface area of the matrix and reinforcement particles leads to the formation of clusters of SiC particles in between the larger Al alloy particles [12] . Figure 7 shows the surface of the composites of different PSRs after extrusion. Figure 7a shows the surface free from cracks compared to the surface shown in Figure 7b , where as in Figure 7c , d depict observable cracks on the surface, this is due to larger particle size ratios (PSRs) in samples c and d. Stone and Tsakiropoulis [70] concluded that this cracks on the surface is due to formation of voids into which the matrix could not flow.
Thus, the selection of proper size of reinforcement and matrix alloy is a very crucial point to achieving homogeneous distribution of reinforcement into metallic matrix. The nano-size particles are mixed between the aluminum powder particles, during blending and compaction. Other extrusion processes are not suitable for breaking the SiC clusters completely to achieve uniform distribution of the nano-particles in the metal matrix composites. Previous studies have reported that mechanical properties were degraded due to agglomeration of SiC particles in Al matrix, and this agglomeration also lead to formation of clustering along with voids in the particles. These formations may lead to crack propagation and stress transformation from the soft matrix to the hard reinforcement [71] [72] [73] [74] [75] .The relation between inter particle spacing size and volume fraction of the reinforcement is as follows:
where d r represents the reinforcement size, and l represents the inter-particle spacing. From above relation 4, it is clear that the inter particle spacing varies inversely with the reinforcement volume fraction and directly proportional to the reinforcement size [68] , shown in Figure 8 .
The uniformity in the distribution of the reinforcement is anticipated only when the reinforcement size d r is not less than a critical value d c
In the above equation, the critical value is a function of matrix powder size d m , volume fraction of reinforcement particles (V f ) and reduction ratio (R) in secondary process [68] . The reduction ratio for Extrusion process is:
where d m and d f are original and final transverse length of the matrix powder. The reduction ratio for rolling process is:
where h 0 and h f are original and final thickness of the specimen.
Conclusion
This article gives detailed information on how the process parameters may have effect on the microstructures of the Aluminum based composites. Powder metallurgy is one of the versatile methods for producing composites with homogeneous distribution of reinforcement into matrix with minimum interfacial reactions. This may be achieved by minimizing processing temperatures. The microstructure of the composites depends on the various factors, such as sintering time, sintering temperature, size and volume percentage of reinforcement.
-Higher sintering temperatures result in a higher diffusion rate, leading to a denser structure. -Proper selection of reinforcement and matrix particle size plays a vital role for achieving uniform dispersion of reinforcement into the metallic matrix. -Optimum percentage of reinforcement results in the finer microstructure, due to hard ceramic particles act as a barrier to the grain boundaries and hence, delays the grain growth.
This paper intends to suggest an idea for selecting reinforcement and particle size and selecting process parameters for achieving homogeneous structure of the composite. However, a number of challenges still exist in the fabrication of the metal matrix composites through powder metallurgy. Further research is needed on how to reduce porosity in the composite. It may be reduced to some extent by introducing nano reinforcement into the matrix. The nano particles could fill the gaps in the matrix which reduce the porosity of the composite. Research is also being conducted by introducing special sintering methods such as microwave sintering, laser and spark plasma sintering, to address similar issues.
